Permanent loss of auditory nerve (AN) fibers occurs with increasing age and sound overexposure, sometimes without hair cell damage or associated audiometric threshold elevation. Rodent studies suggest effects of AN damage on central processing and behavior, but these species have limited capacity to discriminate low-frequency speech-like sounds. Here, we introduce a new animal model of AN damage in an avian communication specialist, the budgerigar (Melopsittacus undulatus). The budgerigar is a vocal learner and speech mimic with sensitive low-frequency hearing and human-like behavioral sensitivity to many complex signals including speech components. Excitotoxic AN damage was induced through bilateral cochlear infusions of kainic acid (KA). Acute KA effects on cochlear function were assessed using AN compound action potentials (CAPs) and hair cell cochlear microphonics (CMs). Long-term KA effects were assessed using auditory brainstem response (ABR) measurements for up to 31 weeks post-KA exposure. KA infusion immediately abolished AN CAPs while having mild impact on the CM. ABR wave I, the far-field AN response, showed a pronounced 40-75 % amplitude reduction at moderate-to-high sound levels that persisted for the duration of the study. In contrast, wave I latency and the amplitude of wave V were nearly unaffected by KA, and waves II-IV were less reduced than wave I. ABR thresholds, calculated based on complete response waveforms, showed no impairment following KA. These results demonstrate that KA exposure in the budgerigar causes irreversible AN damage, most likely through excitotoxic injury to afferent fibers or synapses as in other species, while sparing ABR thresholds. Normal wave V amplitude, assumed to originate centrally, may persist through compensatory mechanisms that restore central response amplitude by downregulating inhibition. Future studies in this new animal model of AN damage can explore effects of this neural lesion, in isolation from hair cell trauma and threshold elevation, on central processing and perception of complex sounds.
INTRODUCTION
Each human cochlea contains~30,000 auditory nerve (AN) fibers at birth that innervate the inner hair cells of the organ of Corti (Spoendlin and Schrott 1989) . These fibers, which provide the only path for auditory information to the CNS, are lost with age and acoustic overexposure. Age-related AN degeneration progresses steadily at a rate of 1000-2000 fibers per decade of life (Otte et al. 1978; Makary et al. 2011) . Noise-induced AN loss occurs following hair cell death (Spoendlin 1984) and also as a potential consequence of glutamate excitotoxicity at hair cell afferent synapses (Young 2013). Both age-and noise-related AN degeneration can occur alongside hair cell damage, in which case audiometric threshold shifts occur, or in the absence of hair cell damage (Schuknecht and Gacek 1993) .
AN loss without hair cell damage is intriguing, because lesions of this type might impair complex sound perception yet be undetectable with a clinical audiogram (Schuknecht and Woellner 1953; Schuknecht 1994; Kujawa and Liberman 2009; Lin et al. 2011; Makary et al. 2011; Bharadwaj et al. 2014; Liberman and Kujawa 2017) . AN degeneration could potentially cause central processing deficits that impair complex-sound perception in noise, but few studies have tested this hypothesis. Profound ouabaininduced AN damage (9 95 % fiber loss) in mice leads to compensatory increases in central neural excitability at the midbrain level and especially in the auditory cortex (Chambers et al. 2016) . Behavioral consequences of AN damage are less explored but include impairment of acoustic startle reflexes in ouabaintreated mice (Chambers et al. 2016 ) and in rats with modest noise-induced neuropathy . In contrast, pure-tone detection thresholds measured using operant conditioning are unaffected by ouabain damage in mice (Chambers et al. 2016) .
Existing behavioral studies of AN degeneration have mostly been conducted in rodents with insensitive lowfrequency hearing (Heffner 1980; Koay et al. 2002) and limited capacity to discriminate complex speech-like sounds. New animal models with more human-like behavioral sensitivity to speech components can provide additional insight, by identifying specific aspects of complex sound perception impacted by AN damage and changes in central coding responsible for perceptual deficits. The budgerigar (Melopsittacus undulatus) is a small parrot (psittacine) with sensitive low-frequency hearing (Dooling and Saunders 1975) and the capacity to regenerate hair cells following cochlear injury as in other bird species (Corwin and Cotanche 1988; Ryals and Rubel 1988; Hashino et al. 1992) . Budgerigars are lifelong vocal learners with the ability to imitate human speech. Behavioral thresholds in budgerigars are as sensitive as human thresholds for amplitude-modulation detection (Dooling and Searcy 1981; Carney et al. 2013; Henry et al. 2016 ) and discrimination of many simple and complex sounds including synthesized vowels (Dooling et al. 1989 (Dooling et al. , 1995 Dooling and Brown 1990; Henry et al. 2017; reviewed in Dooling et al. 2000) . Furthermore, neurophysiological studies show that the budgerigar auditory pathway encodes complex sounds based on principles shared between birds and mammals (Henry et al. 2016 (Henry et al. , 2017 , at least up to the midbrain level. Midbrain neurons in both taxa exhibit band-pass modulation tuning of average discharge rate in response to envelope fluctuation frequency (Woolley and Portfors 2013) . A budgerigar model of AN degeneration can provide new insight into effects on perception and central processing.
Kainic acid (KA) is a glutamate analog that damages AN afferent fibers through excitotoxicity as in cases of noise overexposure, but without damage to hair cells (Pujol et al. 1985; Juiz et al. 1989; Puel et al. 1998) . Previous studies in chicken show that KA infusion into the perilymph causes permanent AN damage while leaving hair cells functionally intact (Sun et al. 2000 (Sun et al. , 2001 . Our goal here was to determine whether the same KA effects occur in the budgerigar, as part of a larger effort to develop a new animal model of AN damage/synaptopathy with human-like auditory perceptual capabilities. We recorded AN compound action potentials (CAPs) and hair cell cochlear microphonics (CMs) in budgerigars before and immediately following KA infusion to characterize acute KA effects on cochlear function. Auditory brainstem responses (ABRs) were recorded prior to infusions and at multiple time points thereafter, for up to 31 weeks, to assess longitudinal changes in wave I amplitude and ABR thresholds. ABR wave I provides a measure of summed AN activity (Brittan-Powell et al. 2002) . ABR thresholds were used as an indirect measure of hair cell status based on previous studies (Woolley et al. 2001; Harding et al. 2002; Harding and Bohne 2004; Saunders 2010) . The results show that KA exposure in budgerigars causes pronounced and irreversible AN damage without threshold impairment.
MATERIALS AND METHODS
Procedures were performed in young (4-12 months old) budgerigars (M. undulatus) of both sexes (four females; four males) and approved by the University of Rochester Committee on Animal Resources. All procedures, which included head-post surgeries, ABR recordings, and cochlear infusions, were conducted in anesthetized animals. Anesthesia was induced with ketamine (3-5 mg/kg) and dexmedetomidine (0.08-0.1 mg/kg, subcutaneous) and maintained during longer procedures through slow infusion of ketamine (6-10 mg/kg/h), dexmedetomidine (0.16/0.2 mg/ kg/h), and lactated Ringer's solution (30-50 ml/kg/ h). Animals were positioned on a warming pad (Adroit HTP-1500, Loudon, TN, USA) with their body covered by a towel. Body temperature was monitored with a thermocouple placed against the breast muscle and remained at 38-40°C. Breathing rate was monitored using a thermistor-based sensor positioned near the nares. Birds were given atipamezole (0.5 mg/ kg subcutaneous) following all procedures, to reverse effects of dexmedetomidine, and allowed to recover in a heated chamber until fully alert. The analgesic carprofen (1 mg/kg, subcutaneous) was given prior to surgeries and once daily for 2 to 3 days thereafter.
In the first surgical procedure, birds were implanted with a head post that facilitated positioning of the animal during subsequent ABR recordings and cochlear infusions. Head-post surgeries were conducted under anesthesia as described previously. An area of the skull~10 mm in diameter was exposed with an incision, cleared of tissue, and etched with phosphoric acid gel. The head post was anchored to the skull using M0.6 stainless steel machine screws and lightcuring dental composite material (Kerr Vertise Flow; Orange, CA, USA). Anchor screws were advanced through pre-drilled pilot holes to the level of the dura. The screw nearest the vertex had a gold pin attached, for use in electrophysiological recordings. Cochlear infusions were performed bilaterally in each animal, with left and right ears treated during different procedures 4 weeks apart to avoid extended periods of anesthesia. ABR recordings were conducted prior to infusions (three-four sessions) and at multiple time points following the second infusion, for up to 31 weeks post-exposure (seven-nine sessions).
Auditory Brainstem Response Recording Procedures
ABR recordings were conducted in a double-walled acoustic isolation booth (Industrial Acoustics; 2 × 2.1 × 2.2 m) lined with 5-cm thick sound-absorbing foam (Pinta Acoustic, Minneapolis, MN, USA). Birds were anesthetized as described previously and placed in a stereotaxic apparatus located on a foam-covered table. The apparatus held the bird's head 9 cm above the table with the rostral surface of the skull facing downward. A free-field loudspeaker (Polk Audio MC60, Baltimore, MD, USA) was located 45 cm from the bird and 25 cm above the table surface, directed toward the stereotaxic apparatus. Acoustic stimuli were generated in MATLAB (The MathWorks, Natick, MA, USA; 50 kHz sampling frequency) and converted to analog (National Instruments PCIe-6251, Austin, TX, USA) prior to power amplification (Crown D-75A, Elkhart, IN, USA) and presentation by the loudspeaker. Sound levels were calibrated based on the output of a 1/4-inch precision microphone (Brüel and Kjaer type 4938, Marlborough, MA, USA) in response to steady-state tones. Electrophysiological activity was recorded differentially using the vertex screw as the noninverting electrode. Subdermal platinum needle electrodes (Grass F-E2; Natus Manufacturing, Gort, Co. Galway, Ireland) positioned behind the left and right ears served as inverting (reference) and ground electrodes, respectively. Electrophysiological activity was amplified (50 k) and bandpass filtered (30-10,000 Hz; Grass IP511, West Warwick, RI, USA) prior to digital sampling (31.25 kHz; National Instruments PCIe-6251) and storage on the computer hard drive.
ABRs were recorded in response to clicks and tones with frequencies of 1, 2, and 3 kHz. Clicks were square waves with duration of 0.1 ms. Tones had 1-ms, cosinesquared onset and offset ramps and were 15 ms in duration. ABR recording sessions were~30 min long and started with a block of click stimuli of varying levels. Three blocks of tones were then presented in random sequence, followed by a second block of clicks. Within each block, clicks or tones were presented 19.2/s in repeating sequences of alternating polarity. Sequences consisted of six stimuli of increasing level, from 30 to 80 dB SPL, in 10-dB steps. Click sound levels were defined based on the peakequivalent method, i.e., the sound pressure level of a steady-state 1000-Hz tone with the same peak-tobaseline amplitude as the transient. A total of 300 stimuli were presented for each level-polarity combination. ABR waveforms were calculated as the average response to stimuli of both polarities (600 presentations).
ABR wave I amplitude was measured as the absolute voltage difference between the first major negative deflection of the response and the preceding baseline (Brittan-Powell et al. 2002) (Fig. 1, red) . The preceding baseline (averaged from 1 ms before stimulus onset to 0.5 ms after) was used as the reference voltage rather than the subsequent peak to minimize possible contribution of early brainstem activity to the measurement. Wave I latency was measured relative to stimulus onset at the ear canal. Wave V was identified as the slower, negative deflection occurring~10 ms after wave I (Fig. 1, blue) . Wave V amplitude was measured as the mean voltage of the preceding and subsequent positive peaks minus the voltage of this negative deflection. Additionally, ABR amplitude was quantified as the root-mean-square (RMS) energy of the response over analysis time windows encompassing wave I (1 ms before to 1 ms after), waves II-IV (1-6 ms after wave I), and wave V (6-16 ms after wave I). RMS energy was calculated after first subtracting the mean voltage in the analysis window.
ABR thresholds were estimated based on an analysis of complete response waveforms (0-20 ms following stimulus onset). Each ABR was initially scored as visible (at least one ABR wave present) or not visible by an experienced observer, and its RMS energy computed over the first 20 ms of the response. The ABR threshold was determined from an analysis of visible ABRs as the sound level at which the response energy exceeded 0.75 μV, i.e., approximately 2.5-3 times the typical noise level in the averaged physiological recordings (median 0.273 μV; interquar-tile range 0.251-0.313 μV). Noise level was calculated as the average RMS energy of 1000 null responses, where each null response was the mean of 600, 20-ms waveform segments drawn randomly from the raw physiological recording. ABR thresholds were calculated by either linear interpolation or extrapolation, by up to 10 dB, of the unsmoothed ABR energy by sound level function. Extrapolation was required for 23.3 % of thresholds and was typically performed over less than a few decibels. In practice, this procedure yielded thresholds that were consistent with visual inspection of the waveforms. Threshold resolution could be increased with a smaller step size (e.g., 5 dB) but appeared acceptable based on our observation that click thresholds repeated 15-20 min apart within the same session were generally within 2 dB of each other. Across 20 sessions for which repeated click-ABR thresholds were available, the absolute difference in the threshold had a median value of 0.98 dB and interquartile range from 0.24 to 1.99 dB.
Cochlear Infusions
Bilateral cochlear infusions were conducted under anesthesia in the same experimental apparatus used for ABR recordings. Left and right ears were infused separately, 4 weeks apart during different procedures. The basal, high-frequency end of the cochlea was exposed near its input from the middle ear system based on surgical procedures described by Konishi (1964) . Briefly, the skin overlying the crossing of the horizontal and posterior semicircular canals was incised, and the neck muscle bluntly separated at this location and spread apart with fine-wire hooks to reveal the canals through the semi-translucent skull. A flap of bone was created in the area ventral to the horizontal canal and rostral to the posterior canal using fine forceps and folded up to expose the middle ear space and dome-shaped bony prominence of the cochlear base. Note that the ampullae of the horizontal and posterior canals are visible with this approach, but not the columella or round window due to obstruction by the external auditory meatus. A 150-μm opening was made in the cochlear prominence using gentle pressure on a small hand drill, thus allowing access to the underlying perilymphatic space.
Infusions were made through a 35-gauge needle with a blunted tip, advanced~0.2 mm into the cochleostomy under stereotaxic control, and coupled to a 10-μL syringe through flexible tubing. Infusions were conducted over 90 s of either (1) 2.5 μL of 1-mM KA in Hanks' balanced salt solution (HBSS, SigmaAldrich H8264; Saint Louis, MO, USA) or (2) the same volume of HBSS without KA. This formulation of HBSS contains 138 mM NaCl, 5.33 mM KCl, 1.66 mM CaCl 2 , 0.41 mM MgCl 2 , and 5.6 mM glucose, similar to avian and mammalian perilymph (Sauer et al. 1999) . The 1-mM KA dosage was selected in an attempt to produce moderate-to-severe AN damage, based on prior findings in chicken that 0.5 mM KA causes mild-to-moderate AN loss whereas 5 mM KA produces severe or profound damage (Sun et al. 2000, . Excess solution was absorbed with paper points, and the bony flap was then closed over the skull opening. Neck muscles were moistened with saline solution and returned to their original position, and the overlying skin closed with tissue adhesive (Vetbond, 3M; Saint Paul, MN, USA). Infusion procedures were typically completed within 1-1.5 h. Birds were able to stand and eat within 1-2 h of the procedure and showed a head tilt toward the infused ear that recovered over several days.
Compound Action Potential and Cochlear Microphonic Recording Procedures
CAP and CM measurements were made immediately before and after KA infusion of each ear using an 80-μm tungsten wire advanced into the cochleostomy until in contact with the perilymph. A needle electrode in the neck muscle was used as a grounded reference for these recordings. The CAP ( Fig. 2a ; thick lines) was evoked primarily with click stimuli. The CM ( Fig. 2a ; thin lines, right) was evoked using 4-kHz tones because this frequency minimizes the contribution of AN phase locking to the CM and thus provides a fairly selective measure of hair cell function. While the impact of KA on AN phase locking was also of interest, these effects were considered better explored in a future study of AN single-fiber response properties. Four kilohertz was also chosen because this stimulus frequency was found to elicit large CM responses. Stimuli were presented over the same level range used in ABR experiments, but with 100 presentations for each level-polarity combination and with lower amplification (10 k). Tone duration was 5 or 15 ms. The CAP was calculated as the average response to stimuli of both polarities. The CM was calculated as the average of the response to the positive-polarity stimulus and the inverted response to the negative-polarity stimulus. CAP amplitude was measured as the voltage difference between the N1 and P1 components of the response waveform (Fig. 2a, left) . CAP thresholds were estimated with the same method described for ABRs, as the sound level predicted to evoke a 4-μV response. The peak-to-peak amplitude of the CM was measured from the Fourier transform of 4 ms of the steady-state tone response. In general, the scope of CAP/CM recordings was limited to help minimize the overall duration of infusion procedures.
Statistical Analyses
Statistical analyses were conducted in R (version 3.4.1) using linear mixed-effects models (Bates et al. 2015 
RESULTS

Kainic Acid Immediately Abolishes Auditory Nerve CAPs
Cochlear recordings were made both before and immediately following KA infusion in nine ears of six budgerigars. CAPs evoked by clicks and 4-kHz tones prior to infusion showed a prominent N1-P1 deflection from 2 to 4 ms following stimulus onset ( Fig. 2a ; thick gray lines). CM responses exhibited sustained oscillations at the 4-kHz stimulus frequency (Fig. 2a , right). CAP and CM amplitude increased with increasing sound level. The CAP threshold for click stimuli prior to KA was 49.22 ± 4.59 dB SPL (mean ± SD). CAPs were essentially abolished following KA infusion in eight of nine ears, even at 80 dB SPL precluding estimating of a threshold shift, and reduced by 87 % in the remaining ear ( Fig. 2a, left; Fig. 3a, left) . In contrast, CMs were either unaffected by KA or partly reduced in amplitude ( Fig. 2a, right; Fig. 3a, right) . The mean amplitude change across sound levels from 60 to 80 dB SPL was − 22.60 ± 4.01 dB for the clickevoked CAP (mean ± SD; 92.6 % reduction) and − 2.90 ± 3.26 dB for the CM (28.4 % reduction; Fig. 3b ). These results show that immediately following infusion, KA selectively impairs neural responses over potentials associated with hair cell activity. A sustained summating potential (SP) was also noted in response to alternating polarity, 4-kHz tones that persisted for the duration of the stimulus ( Fig. 2a, right ; thick lines). Recording parameters were not optimized for the SP, but slight reduction of this response following KA rather than elimination suggests that the SP was perhaps primarily generated by hair cells and partly neural in origin. A mixed-model analysis of cochlear response amplitude before and after KA infusion showed a significant effect of response type (CM vs. click-evoked CAP; F 1,25.7 = 30.35, p G 0.0001) due to lower amplitude of the CM compared to CAPs. The dependent variable was the mean log-transformed response amplitude for each ear, across stimulus levels from 60 to 80 dB SPL. Effects of KA exposure (F 1,24.7 = 101.78, p G 0.0001) and the interaction between KA exposure and response type (F 1,24.7 = 57.53, p G 0.0001) were also significant model factors. The interaction was driven by a stronger negative effect of KA on CAPs than on the CM. Pairwise comparisons of least-squares means from the full model showed that KA caused a significant reduction for CAP amplitude (− 23.6 ± 1.91 dB; mean difference ± SE; t 24.5 = − 12.37, p G 0.0001) but not CM amplitude (− 3.30 ± 1.87 dB; t 24.8 = − 1.79, p = 0.086). In contrast, a reduced model including only CM data showed that the amplitude reduction following KA was statistically significant (− 3.05 ± 1.07 dB [mean difference ± SE]; t 8.2 = − 2.85, p = 0.021). Thus, in the minutes immediately following infusion, KA dramatically reduced AN activity while also causing a minor decrease in hair cell responses. The reason for mild CM reduction was not explored, but possible explanations include cooling of hair cells during KA infusions (Schermuly and Klinke 1985) or perhaps contraction of the columellar (middle ear) muscle. ABRs were recorded longitudinally for 12-31 weeks in five animals to track auditory recovery from KA excitotoxicity over time. ABR wave I is the far-field representation of the AN CAP (Fig. 2b ) (BrittanPowell et al. 2002) , whereas ABR threshold shifts generally indicate hair cell injury (Woolley et al. 2001; Harding et al. 2002; Harding and Bohne 2004; Saunders 2010) . ABR waveforms evoked by clicks contained four to five prominent waves within 15 ms of stimulus onset (Fig. 1) . Wave I was clearly identifiable in most recordings, both before and after bilateral infusions of KA, as the first prominent negative deflection of the response. Wave V was also typically visible as a negative deflection occurring1 0 ms after wave I. The neural origin of wave V was not explored, but its longer latency in comparison to midbrain neural responses in this species (typically 4-5 ms; unpublished observations) suggests possible generation at the forebrain level (Hall 1992) . Representative click ABR waveforms recorded before and 9 weeks following bilateral KA infusion illustrate the main findings of the study (Fig. 1) . KA causes marked, persistent reduction of wave I amplitude at moderateto-high sound levels (≥ 60 dB SPL), has minimal effect on ABR wave V, and does not impair ABR thresholds.
For click stimuli presented at moderate-to-high sound levels (60-80 dB SPL), post-infusion ABRs showed a pronounced reduction in wave I amplitude followed by minimal recovery over the first 3 to 4 weeks post-infusion (Fig. 4) . No further recovery was noted from 4 to 31 weeks post-infusion in any animal, consistent with a permanent KA lesion of the AN. The long-term change in wave I amplitude was calculated based on recordings made 6 or more weeks following infusion. For click stimuli presented at 80 dB SPL, the reduction in wave I amplitude ranged from 40 to 75 % (Fig. 5) . Note that wave I amplitude was not reduced following two sham infusions of HBSS in one animal ( Fig. 4 ; × symbols showing data from B07).
In addition to clicks, ABRs were also evoked using tone stimuli with frequencies of 1-3 kHz. Wave I amplitude prior to KA infusion was greater in response to clicks (16.11 ± 2.43 μV) and 2-kHz tones (12.23 ± 1.27 μV) than for 1-kHz (6.03 ± 0.89 μV) and 3-kHz tones (8.59 ± 3.05 μV; mean ± SD at 80 dB SPL; Fig. 5) . A mixed-model analysis of log-transformed wave I amplitude showed a significant negative effect of KA exposure (F 1,120.8 = 196.15, p G 0.0001) that increased in severity with increasing sound level (exposure × sound level; F 3,119.9 = 6.39, p = 0.0005; i.e., percent reduction of wave I increased with increasing sound level). The interaction between exposure status and stimulus type was not significant (F 3,116.9 = 0.82, p = 0.49), suggesting similar KA effects on clicks and tones in this frequency range. Effects of stimulus type (click/tone frequency; F 3,119.9 = 61.12, p G 0.0001), sound level (F 3,119.9 = 185.16, p G 0.0001), and the stimulus type by sound level interaction (F 9,119.9 = 3.45, p = 0.0008) were also significant factors in the model. ABR wave I latency decreased with increasing sound level and was shortest for click stimuli, intermediate for 2-and 3-kHz tones, and longest for 1-kHz tones (Fig. 6 ). This pattern likely reflects combined influences of stimulus level and spectral content on AN first-spike latency (Heil and Irvine 1997). Measurements of wave I latency made 6 or more weeks following bilateral KA infusion were generally similar to pre-exposure control values, suggesting minimal effect of the exposure. A mixed-model analysis of mean wave I latency across recordings before or after KA infusion showed a small negative effect of KA exposure (i.e., latency decreased by 0.037 ± 0.017 ms (mean ± SE); F 1,133.7 = 4.55, p = 0.035) that did not vary with stimulus type (exposure × stimulus type; F 3,117.1 = 2.25, p = 0.086) or with sound level (exposure × sound level; F 3,117.1 = 0.47, p = 0.70). Main effects of stimulus type (F 3,132.1 = 461.41, p G 0.0001) and sound level (F 3,132.1 = 518.37, p G 0.0001) were significant factors in the model. The interaction between stimulus type and sound level was not significant (F 9,117.1 = 1.56, p = 0.14).
KA Does Not Impair ABR Thresholds
ABR thresholds were estimated based on an analysis of complete response waveforms from 0 to 20 ms poststimulus onset. Thresholds were determined before and after KA infusion as the sound level at which the RMS energy of the ABR exceeded a criterion level of 0.75 μV. ABR energy by sound level functions was consistent across different recording sessions in the same animal, both before and after KA exposure (Fig. 7a, black and red, respectively) . ABR thresholds measured prior to KA exposure ranged from 35 to 45 dB SPL and were slightly lower for 1-kHz tones KA Has Minimal Impact on ABR Wave V ABR wave V was monitored in response to click stimuli for 12-16 weeks following bilateral KA exposure in four animals ( Fig. 8) . Wave V measurements were not possible in the fifth animal prior to KA infusion and during the early recovery period due to high-pass filtering of these recordings at 300 Hz (vs. 30 Hz in other recordings), which greatly attenuated wave V. Wave V was also noted in response to tones, but not analyzed further due to substantial overlap with other shorter latency waves associated with stimulus offset. For click stimuli presented at moderate-to-high sound level (≥ 60 dB SPL), wave V amplitude showed a slight reduction after infusion followed by complete or partial recovery in some animals. Wave V was not reduced for lower level clicks, but showed a slight increase following exposure in two animals. Thus, despite substantial reduction of wave I amplitude, KA infusion had minimal impact on ABR wave V. A mixedmodel analysis of log-transformed wave V amplitude showed no effect of KA exposure (F 1,21 = 3.22, p = 0.087) or interaction between exposure status and sound level (F 3,21 = 0.74, p = 0.54). The dependent variable was the mean log-transformed response amplitude of each animal across sessions before or 6 or more weeks following KA exposure. The main effect of sound level was the only significant factor in the model (F 3,21 = 29.57, p G 0.0001). Effects of KA on ABR-wave amplitudes were also assessed using an RMS-based approach that did not require identifying specific peaks. In addition to waves I and V, this method allowed us to analyze KA effects on mid-latency response components thought to reflect brainstem/midbrain activity (i.e., waves II-IV). Analyses were limited to click ABRs. In contrast to wave V, midlatency waves were reduced following KA but to a lesser extent than wave I (Fig. 9) . Thus, the negative impact of KA on neural response amplitude appeared greatest for wave I, intermediate for mid-latency waves, and minimal for wave V. A mixed model analysis of log-transformed response amplitude showed a significant negative effect of KA exposure ( 
DISCUSSION
The present study assessed the effects of KA excitotoxicity on cochlear function in the budgerigar using CAPs, CMs, and ABRs. KA exposure immediately abolished the AN CAP while having mild impact on CM amplitude. Longitudinal ABR measurements showed a pronounced 40-75 % reduction in ABR wave I amplitude at moderate-to-high sound levels that persisted for the duration of the study (i.e., up to 31 weeks). In contrast, KA had minimal impact on wave I latency or the amplitude of wave V and did not impair ABR thresholds. Waves II-IV were moderately reduced in amplitude by KA. This pattern of results is consistent with selective damage to AN afferents (e.g., synaptopathy) followed by increased central gain (Hickox and Liberman 2014; Chambers et al. 2016; Hickox et al. 2017) . CAP abolishment in the minutes following KA infusion indicates a dramatic reduction of synchronous AN onset activity. Persistent reduction of ABR wave I for more than 6 months thereafter is most likely caused by permanent damage to AN afferents innervating tall hair cells of the avian cochlear epithelium. KA is a potent neuroexcitatory agent that, at sufficient concentration, induces neural death through overstimulation of glutamate receptors. In chicken, infusion of 5-mM KA leads to immediate swelling and breakage of afferent hair cell synapses followed by irreversible loss of nearly all AN cell bodies in the cochlear ganglion (Sun et al. 2001) . Many remaining neurons have abnormal morphology, with vacuoles between the soma and distal neurite process or apparent disintegration of the myelin sheath. These neuroanatomical changes are accompanied by profound reduction of AN CAPs, without recovery, for the duration of measurements (i.e., up to 20 weeks) (Sun et al. 2000) . Less concentrated, 0.3-mM KA also reduces CAP amplitude, but responses partly recover over several weeks before stabilizing at 50 % of the pre-exposure control value (Sun et al. 2000) . Chickens exposed to this lower KA dose show no clear loss of AN cell bodies, but an increase in the proportion of abnormal neurons which could be functionally disconnected from hair cells as in mammals following moderate noise overexposure (Kujawa and Liberman 2009; Furman et al. 2013) .
ABR wave I reduction was probably not associated with hair cell damage considering that CM amplitude showed only mild reduction immediately following KA exposure. In previous studies, KA-treated chickens showed no impairment of CM amplitude or distortion product otoacoustic emissions (DPOAEs), and no change in hair cell morphology beyond damage to afferent synapses (Sun et al. 2000 (Sun et al. , 2001 . These results suggest that wave I impairment in budgerigars reflects a permanent AN lesion rather than a secondary consequence of hair cell dysfunction. The extent to which wave I reduction reflects loss of AN fibers versus diminished AN onset-response synchrony is less clear. However, note that our wave I latency analysis Our finding that ABR thresholds were not impaired following KA exposure also suggests normal hair cell function. Prior studies show that audiometric thresholds are nearly always elevated following hair cell damage (Henderson et al. 1983; Schuknecht 1994; Harding et al. 2002; Harding and Bohne 2004; Saunders 2010; Salvi et al. 2017) . In birds, extensive hair cell loss followed by regeneration causes permanent threshold shifts of 20 dB or more, putatively due to residual abnormality in the orientation of stereocilia bundles (Marean et al. 1998; Woolley et al. 2001; Woolley and Rubel 2002; Dooling et al. 2006; Ryals et al. 2013) . Note that ABR threshold shifts provide an indirect measure of hair cell status due to minimal contribution of hair cell-generated activity (e.g., CM or SP) to response waveforms. Otoacoustic emission or chronic CM recordings could be used to more directly assess hair cell status (Sun et al. 2000) .
KA effects observed here and in chicken are similar to those reported in mammals. In guinea pigs, KA infusion immediately abolishes AN CAPs but has no impact on putative hair cell responses including the CM and SP (Bledsoe et al. 1981) . Impairment of the CAP is associated with severe swelling of afferent hair cell synapses (Pujol et al. 1985) , and in rats, with permanent loss of 34 % of spiral ganglion neurons within 10 days post-infusion (Juiz et al. 1989) . KA application to the round window in chinchillas also decreases CAP amplitude, with no impact on hair cell morphology or on DPOAE amplitude (Zheng et al. 1996 (Zheng et al. , 1997 . CAP amplitude in chinchillas recovers to within 20 % of normal at 30 days post-KA infusion, possibly to a greater extent than in other species following excitotoxic injury (Zheng et al. 1999) .
The avian cochlea is tonotopic but anatomically somewhat different than in mammals, raising the question of how loss of AN afferent synapses might be distributed across different regions of the hair cell epithelium. The cochlear duct is uncoiled in birds and relatively short, with a length of 2.5 mm in the budgerigar (Manley et al. 1993) . As many as 30 hair cells span the width of the epithelium at apical locations, with no clear delineation between distinct subtypes (Takasaka and Smith 1971). Instead, avian hair cells show a graded transition between Btall^and Bshort^morphology (defined based on height to width ratio) across the width of the sensory epithelium. Short hair cells are located above the free basilar membrane and, like outer hair cells, amplify sound-induced vibrations through active force generation (Beurg et al. 2013) . Tall hair cells are located on the Bneuralĥ alf of the epithelium, closer to the AN ganglion across its width, and serve as the primary target for AN afferents (Takasaka and Smith 1971; Gleich 1989; Smolders et al. 1995; Köppl et al. 2000) . KA is hypothesized to damage afferent synapses in this tall hair cell region, along the full basal-to-apical extent of cochlea based on similar percent wave I reduction across stimulus frequencies.
Percent reduction of ABR wave I in KA-exposed budgerigars was greatest at high sound levels. The same pattern in mammals has been linked to disproportionate loss of high-threshold AN fibers with low spontaneous rate (SR) (Furman et al. 2013; Liberman and Liberman 2015) . While the reason for this pattern in budgerigars is unknown, the same mechanism could apply considering that AN thresholds in birds vary by 50 dB or more at the same frequency and are inversely correlated with SR (Sachs et al. 1974; Manley et al. 1985; Salvi et al. 1992; Smolders et al. 1995) .
Further single-unit studies are needed to test this hypothesis. AN degeneration has been reported previously in birds with increasing age (Ryals and Westbrook 1988) and following hair cell regeneration. Quail overexposed to noise show acute hair cell loss followed by near-complete regeneration of the sensory epithelium over several weeks (Ryals and Rubel 1988) . In contrast to the recovery observed for hair cells, partial loss of AN ganglion cells is first evident after 30 days and increases to 25-30 % loss at 90 days post-overexposure (Ryals et al. 1989 ). Thus, degeneration of AN cell bodies can lag behind hair cell/ synaptic injury by weeks or months, as in mammals (Kujawa and Liberman 2009; Viana et al. 2015) . Behavioral changes following hair cell regeneration in birds are complex and sometimes transient (Dooling et al. 1997 Marean et al. 1998; Ryals et al. 2013 ) and may reflect contributions from both residual hair cell dysfunction and partial AN loss.
CAP measurements made immediately following KA exposure suggested similar damage to both ears in most animals. Possible asymmetry of KA-induced damage was not investigated at later time points and could be difficult to quantify considering that monaurally presented sounds effectively stimulate both cochleae in birds due to the interaural sound pathway (Calford 1988; Larsen et al. 2006) . One possible solution would be to implant chronic CAP electrodes for recording electrophysiological activity from each ear independently. Alternatively, one cochlea could be surgically ablated to eliminate uncertainty over the origin of remaining ABR activity. Ultimately, asymmetry will be quantified in these animals through histological studies at the conclusion of an ongoing behavioral study.
Our finding that two sham infusions in one animal did not reduce ABR wave I amplitude suggests that the impairment observed in KA-treated budgerigars was not due to infusion trauma. While some uncertainty remains due to the low number of sham surgeries performed, previous studies have found that infusion of perilymph-like solution has little or no lasting impact on cochlear thresholds and inputoutput functions (Bledsoe et al. 1981; Sun et al. 2000; Wang and Olson 2016) . Furthermore, note that none of the KA-treated animals showed any evidence of ABR threshold shifts, as would be expected following infusion-related trauma to the middle or inner ear.
ABR wave V was unaffected by KA, and waves II-IV were less reduced than wave I. These results suggest the possibility of compensatory mechanisms that restore central response amplitude despite diminished peripheral input to the CNS (increased Bcentral gain^). Compensation of this kind has not been shown previously in the avian auditory system to our knowledge and should be confirmed with more direct measures of central response amplitude, but occurs in mammals. Mice with profound AN degeneration due to ouabain show extensive recovery of multi-unit responses in primary auditory cortex and, to a lesser extent, at the midbrain processing level within 30 days of injury (Chambers et al. 2016) . Similarly, in chinchillas, local field potentials in the auditory cortex recover completely following ototoxic injury to inner hair cells, while midbrain responses recover partially (Salvi et al. 2017) . In both cases, recovery of cortical response amplitude is thought to reflect downregulation of inhibitory signaling pathways that unmask the weakened excitatory drive to auditory cortex (Salvi et al. 2017; Resnik and Polley 2017) . Downregulation of inhibitory signaling could arise through reduced GABA A release or changes in receptor binding/ subunit composition (Caspary et al. 2008; Wang et al. 2011) .
The perceptual consequences of AN damage is a topic of active debate and investigation (Mehraei et al. 2016; Plack et al. 2016; Prendergast et al. 2017) . ABRs are routinely used to detect audiometric threshold shifts, and hence, our finding of no ABR threshold impairment following KA infusion suggests that the behavioral audiogram may be preserved as well (Henderson et al. 1983) . While mice with ouabaininduced AN degeneration show some impairment of acoustic-startle reflexes, audiometric thresholds based on operant conditioning are normal (Chambers et al. 2016) . Similarly, in cats, partial sectioning of the AN produces no behavioral threshold elevation unless neural survival falls below 20 % (Schuknecht and Woellner 1953). Effects of AN damage on perception of complex signals are less clear. Diminished behavioral sensitivity to envelope fluctuations seems possible following AN damage (Bharadwaj et al. 2014 (Bharadwaj et al. , 2015 , due to downregulation of inhibitory pathways that shape neural responses to envelope structure (Caspary et al. 2002; Carney 2004, 2007) . In contrast, a recent model based on signal detection theory predicts nearly undetectable changes in complex sound discrimination, even in cases of substantial neural loss (Oxenham 2016) . Finally, increased central gain has been implicated as a potential contributor to tinnitus in human subjects with a normal audiogram (Schaette and McAlpine 2011; Gu et al. 2012 ).
In conclusion, KA exposure in budgerigars resulted in pronounced reduction of ABR wave I amplitude, consistent with permanent damage to the AN. KA had little impact on wave V, suggesting partial recovery of central processing, and did not elevate ABR thresholds. This pathology could potentially cause suprathreshold processing deficits, particularly in noise, without elevation of audiometric thresholds, i.e., Bhidden hearing loss^ (Schaette and McAlpine 2011; Bharadwaj et al. 2014 Bharadwaj et al. , 2015 . Given the widely studied psychoacoustic abilities of this traditional behavioral model species, further studies in trained budgerigars might provide new insight into AN-degeneration effects on perception and neural encoding of complex sounds.
